Abstract. Thirty mesophilic and thermophilic bacteria were isolated from thermobiotically digested sewage sludge in culture medium supplemented with poly-e-caprolactone (PCL). The ability of each purified isolate to degrade PCL and to produce polymer-degrading extracellular enzymes was assessed. Isolates were characterized based on random amplified polymorphic DNA (RAPD), 16S rDNA sequence-based phylogenetic affiliation and carbohydrate-based nutritional versatility. Mesophilic isolates with ability to degrade PCL were attributed to the genera Acinetobacter, Burkholderia, Pseudomonas, and Staphylococcus. Thermophilic isolates were members of the genus Bacillus. Despite the restricted phylogenetic and genotypic diversity observed for thermophiles, their metabolic versatility and wide range of growth temperatures suggest an important activity of these organisms during the whole composting process.
. Colony and cell morphologies and polymer-degrading capabilities of mesophilic and thermophilic isolates Genotypic groups formed based on RAPD typing (Fig. 1 ).
c T and M stand for isolation at 50°C or 30°C, respectively; 2 and 4 stand for isolation on Capa 2054 or Capa 4101, respectively.
d
On MLB agar medium.
e At 30°C or 50°C for isolates named T or M, respectively.
f Both poly-e-caprolactones tested supported similar results.
linear polyester diol-derived caprolactone, terminated by primary hydroxyl groups, with a mean molecular weight of 550; (2) Capa 4101, a tetra-functional polyol, terminated by primary hydroxyl groups, with a mean molecular weight of 1000. Colony forming units (CFU) were enumerated on medium containing either of the PCL used, after 24 h of incubation at 30°C or 50°C.
For the isolation of PCL-degraders, cultures on PCLM were examined for the presence of distinct morphotypes after 24 h, 48 h, 7 days, and 15 days of incubation. A single isolate of each, apparently distinct, morphotype was isolated for further purification and characterization (Table 1) . During the subsequent samplings, the same procedure was used, selecting new apparent morphotypes, in order to screen the maximal diversity of PCL-degraders. Each organism was purified by subculturing on modified Luria-Bertani (MLB) agar, containing (per liter): 5.0 g tryptone, 2.5 g yeast extract, 1.0 g NaCl, and 15 g agar. Purified cultures were cryopreserved in MLB broth supplemented with 15% (v/v) of glycerol.
Phenotypic characterization of the isolates. Each purified isolate was designated by a 3-digit code: a number for the isolate; M or T, for isolation at 30°C or at 50°C, respectively; and 2 or 4, for isolation on Capa 2054 or Capa 4101, respectively. Unless otherwise stated, phenotypic characterization was performed using MLB agar and each organism was cultivated at the respective temperature of isolation. Each isolate was characterized for colony and cell morphology and Gram staining according to the methods described by Doetsch [4] . The ability of each purified isolate to degrade Capa 2054 or Capa 4101 was assessed using the isolation medium referred to above and was considered positive whenever a clear zone around the colony was observed. The production of extracellular enzymes was assessed according to Smibert and Krieg [26] . Briefly, the production of amylases was assayed in MLBA agar supplemented with 5.0 g/L of soluble starch; the production of lipases was assayed in MLB agar supplemented with 2.0 g/L of CaCL 2 and 10 g/L of Tween-80; and the production of proteases was assayed in MLB broth supplemented with 50.0 g/L of gelatin. The metabolic pattern of selected isolates (see below) was characterized using the API 50 CH system (Biomerieux) and the defined medium (B) described previously [15] .
Genotypic characterization of the isolates. Random amplified polymorphic DNA (RAPD) analysis was used as a preliminary method to group bacterial isolates. Crude cell lysates were used as DNA templates as described by Wiedman-al-Ahmad et al. [33] . Amplification reactions were performed with a total volume of 50 lL containing: 1.5 U of Taq polymerase, 1.5 mM MgCl 2 (Pharmacia Biotech), 0.2 mM each dNTP, 0.6 lM primer OPA3 (5¢-AGTCAGCCAC-3¢), and 2.0 lL of crude cell lysates. Samples were subjected to 45 cycles of amplification (Perkin-Elmer, model 240) as follows: 1 min at 94°C, 1 min at 34°C, 2 min at 72°C, and a final extension step of 7 min at 72°C. Polymorphic DNA fragments were analyzed by electrophoresis in 2% agarose gel in Tris-acetate-EDTA buffer [24] .
Phylogenetic analysis. A single isolate of each RAPD-based group and non-grouped strains were further characterized by 16S rRNA gene sequence analysis. The extraction of genomic DNA, PCR amplification and sequencing of the I6S rRNA gene were carried out as described previously [23] . DNA sequences were determined using a model 310 Genetic Analyzer (Applied Biosystems, Foster City, CA).
The quality of 16S rRNA gene sequences was checked manually using Bioedit editor [7] and aligned against representative reference sequences of the most closely related members, obtained from the Ribosomal Database Project [13] and EMBL, using the multiplealignment CLUSTAL X software package [31] . The method of : Jukes and Cantor [9] was used to calculate evolutionary distances; phylogenetic dendrograms were constructed using the neighbor-joining method, and tree topologies were evaluated by performing bootstrap analysis [5] of 1000 data sets by using the MEGA2 package [11] .
Results and Discussion
Isolation of thermophilic and mesophilic PCLdegraders. The frequency of isolates recovered on PCLM agar at 30°C and 50°C after 24 h of incubation was assessed using three independent samples collected within an interval of 5 months. At both isolation 5 , respectively. The microorganisms presumptively capable of PCL degradation, present in the cultures on PCLM of the different samples, were isolated. The cultures were observed after different incubation periods (24 h to 15 days) in order to determine distinct colony morphologies and the presence of a clear zone around the colony, indicative of PCL degradation. On PCLM agar most of the isolates formed small colonies that, nevertheless, could be distinguished by their shape (margin and elevation), color, and brightness. This procedure resulted in the purification of 30 isolates which were characterized phenotypically and grouped using RAPD analysis. The results obtained for PCL, starch, Tween-80 and gelatin degradation, and growth at 30°C or 50°C, were consistent with RAPD-based clustering (Table 1; Fig. 1 ). Characterization of thermophilic and mesophilic isolates. Based on the 16S rDNA sequence analysis, the closest phylogenetic neighbors of mesophilic bacteria isolated during this study were members of the genera Acinetobacter, Pseudomonas, Burkholderia, Bacillus, Serratia, Staphylococcus, Pandoraea, and Klebsiella, while all the thermophiles were observed to belong to the genus Bacillus (Table 1 ; Fig. 2 ). The phenotypic characterization and RAPD profiling were consistent with 16S rDNA-based phylogenetic analysis. These results clearly evidenced a higher taxonomic diversity for mesophiles than for thermophiles. Microbial communities of activated sludge differ amongst each system [32] ; however, some mesophilic organisms isolated during this study, mainly Acinetobacter spp., are common inhabitants of such environments [2, 27] . Thermophilic bacteria isolated during this study could be divided into three RAPD groups, designated P2, P3, and P4. According to the genotypic analysis, the same genotypes, mainly RAPD P2, of thermophilic bacteria were isolated from different samplings, when distinct organisms indicated by different morphotypes were isolated. The consecutive selection of those isolates, which reflects the low diversity of culturable thermophilic bacteria, was due to the pleiomorphic character of the colony morphology. As was observed during the present study, the colony morphology of these organisms changes with the age of the culture. According to the 16S rDNA sequence analysis, the closest phylogenetic relatives of the isolates in groups RAPD P2 and RAPD P3 were members of the species Bacillus licheniformis, while the other thermophiles are mostly related to the recently described species Bacillus gelatini [3] . Studies focused on man-made high-temperature environments report the isolation of organisms affiliated to a restricted group of genera. Prokaryotes found in environments such as solid waste or sewage sludge composts and thermobiotic wastewater treatment systems comprise Gram-positive bacteria belonging to the genera Thermus, Streptomyces, Thermonospora, Clostridium, Bacillus, and/or Geobacillus [1, 10, 12, 19, 28] . However, a higher diversity of thermophilic or thermotolerant organisms in such environments is evidenced by other studies. For example, the presence of thermophilic beta-subclass Proteobacteria has been evidenced using either culture-independent methods [12] or enrichment approaches [14, 16, 25] . It is also interesting to note that Caenibacterium thermophilum N2-680
T that was enriched at 50°C from composted sewage sludge of a wastewater treatment plant, using mineral medium with PCL [15] , is able to degrade the aliphatic polyesters used in the present work, though no member of this species was isolated in this study.
Biodegradative and nutritional properties of thermophilic and mesophilic isolates. Apparently, the capability of the isolates to degrade either of the PCLs tested, Capa 2054 and Capa 4101, did not depend on the molecular weight or chemical structure of the polymer, since no apparent correlation could be established between the type of PCL used for isolation and the genotype recovered, as was observed for RAPD P2. Moreover, the isolates could degrade both PCLs tested, independent of which was used for isolation.
Although the criterion used for the selection of isolates was the ability to degrade PCL, as indicated by a clear zone around the colony, it was observed that after purification some bacteria did not show the ability to degrade the polymers. Indeed, the selected colonies could represent a mixture of organisms and not a single isolate as assumed, explaining the apparent capacity to degrade the polymer. Alternatively, organisms may have lost the capacity to degrade the polyesters during laboratory transfers, as has been reported before [30] .
Each isolate was also tested for extracellular lipolytic, proteolytic, and amylolytic activities using, respectively, Tween-80, gelatin, and starch as substrates ( Table 1) . Most of the isolates purified during this study could degrade one or more of these polymers. Gelatin was degraded by isolate 8M2 and by bacilli of RAPD groups P1 and RAPD P4. The simultaneous ability to degrade starch and PCL observed in B. licheniformis isolates could have important consequences for plastic biodegradability, since the production of multicomponent materials containing starch and synthetic polymers represents an important alternative in the production of biodegradable plastics [6] .
Among the PCL-degraders, only two mesophilic isolates, 7M4 and 16M2, were lipase (Tweenase)-negative. In fact, it is described that crude extracts of bacterial lipases can degrade various polyesters [8, 22, 29] . These results suggest that the biodegradation of polyesters does not require specialized enzymes and/or pathways, and that they are readily eliminated from the environment. PCL-degrading organisms isolated during this study were phylogenetically closely related to the genera Burkholderia, Pseudomonas, Acinetobacter, Staphylococus, and Bacillus. Confirming previous studies with bacterial and synthetic polyesters [17, 30] , the present report supports the conclusion that degradation of such polymers is performed by a phylogenetically diverse group of organisms.
The carbohydrate-based nutritional pattern of isolates affiliated to different species and/or genera was assessed, testing the ability to use 49 different compounds as sole carbon source. Most of the organisms revealed a versatile nutritional pattern, being able to use 20 or more of the carbon sources tested (Table 2 ). In contrast, some isolates were unable to use most or all the carbon sources tested: isolate 2M2 could use only glycerol and gluconate; isolate 6M4 used only L-arabinose; isolate 13M4 used only mannose; and isolate 12M4 did not grow on any of the carbohydrates tested. Although these results may be attributed to the need for specific growth requirements, it can also reflect the inability of these bacteria to use sugars or polyols as carbon sources.
Despite the fact that high temperature may favor the degradation of polymers [18] , culturable thermobiota showed a poor taxonomic diversity compared with mesophilic isolates. However, such apparent poor diversity may not reflect the real situation, as has been evidenced by previous reports using enrichment methods or culture-independent approaches.
Thermophilic bacilli isolated throughout this study were able to grow at 30°C and at 50°C, showed lipolytic, amylolytic, and proteolytic activities and a considerable nutritional versatility (Tables 1, 2 ). Altogether, these phenotypic traits are indicative of the important role that these organisms may have during the whole composting process, regardless of which temperature stage is occurring. Moreover, other properties such as fast growth, swarming, and endospore-forming capacity may explain the excellent fitness of these thermophilic organisms in a nutrient-rich environment with considerable temperature fluctuations.
